Kelley CA, Decker SE, Silva P, Forrest JN Jr. Gastric inhibitory peptide, serotonin, and glucagon are unexpected chloride secretagogues in the rectal gland of the skate (Leucoraja erinacea). Am J Physiol Regul Integr Comp Physiol 306: R674 -R680, 2014. First published February 19, 2014 doi:10.1152/ajpregu.00531.2013Since the discovery of the rectal gland of the dogfish shark 50 years ago, experiments with this tissue have greatly aided our understanding of secondary active chloride secretion and the secretagogues responsible for this function. In contrast, very little is known about the rectal gland of skates. In the present experiments, we performed the first studies in the perfused rectal gland of the little skate (Leucoraja erinacea), an organ weighing less than one-tenth of the shark rectal gland. Our results indicate that the skate gland can be studied by modified perfusion techniques and in primary culture monolayers, and that secretion is blocked by the inhibitors of membrane proteins required for secondary active chloride secretion. Our major finding is that three G protein-coupled receptor agonists, the incretin gastric inhibitory polypeptide (GIP), also known as glucose-dependent insulinotropic peptide, as well as glucagon and serotonin, are unexpected potent chloride secretagogues in the skate but not the shark. Glucagon stimulated chloride secretion to a mean value of 1,661 Ϯ 587 eq·h Ϫ1 ·g Ϫ1 and serotonin stimulated to 2,893 Ϯ 699 eq·h Ϫ1 · g Ϫ1 . GIP stimulated chloride secretion to 3,733 Ϯ 679 eq·h Ϫ1 ·g Ϫ1
IN 1931, Homer Smith inferred "that elasmobranchs (sharks, skates, and rays) excrete by some extrarenal mechanism. . . a solution of NaCl that is hypertonic to their plasma" (33) . In 1960, the location and function of the rectal salt gland in the dogfish shark (Squalus acanthias) was discovered by Wendell Burger, working under Smith's influence at the Mt. Desert Island Biological Laboratory (5) . The shark rectal gland, an appendage of the terminal intestine, functions to secrete hypertonic NaCl when the animal is volume expanded (5, 34) and contributes importantly to the osmoregulatory challenge imposed by the hyperosmotic sea.
Given the ease of performing in vitro perfusion and biochemical studies in the shark rectal gland, this tissue has been used extensively as a model for secondary active chloride transport (11, 13, 16, 32) . The shark gland is composed of homogeneous tubules of a single cell type containing high concentrations, often record amounts, of membrane transport proteins [including Na-K-ATPase (10, 31) , the cystic fibrosis transmembrane conductance regulator (CFTR) chloride channel (9, 24, 39) , the Na-K-2Cl cotransporter (13, 41) , and K ϩ channels (35, 38) ]. Receptors for adenosine (14) , vasoactive intestinal peptide (VIP) (2) , growth hormone-releasing hormone (GHRH) (29) , and C-type natriuretic peptide (CNP) (1, 17) from the shark gland have been cloned and expressed in our laboratory. Each activates the CFTR chloride channel when the receptor and channel are coexpressed in Xenopus leaevis oocytes (1, 2, 14) . Agonists that bind to these receptors are potent secretagogues, increasing chloride secretion 30-to 50-fold above basal values in the perfused gland (14, 24, 30) , in isolated perfused tubules (16 -18) , and in primary monolayer cultures of tubular epithelial cells (2, 37) .
In contrast, little is known about the rectal gland of skates. Skates share the same hyperosmotic ocean habitat as sharks that inhabit the continental shelf and are exposed to the same osmoregulatory challenges. Whereas a few biochemical measurements have been made (6, 20, 25, 28) , the physiology and regulation of the skate organ have not been described. Thus the mechanisms for activation of NaCl secretion and the secretagogues responsible are unknown. This is due to the minute size of the skate rectal gland, which is one-tenth the size of a dogfish shark gland ( Fig. 1 ) with a mean weight of only 139 mg.
In the present experiments, we performed the first studies of the perfused rectal gland of the little skate (Leucoraja erinacea) determining the response to chloride secretagogues and inhibitors, measuring the tissue cAMP response to hormone agonists, and recording chloride transport as short circuit current (I sc ) in primary culture monolayers of skate rectal gland tubular epithelial cells. The results indicate that the skate rectal gland can be studied by modified perfusion techniques and in primary culture monolayers and that secretion is blocked by the inhibitors of membrane proteins required for secondary active chloride secretion.
A major finding is that three mammalian G protein receptor agonists, the incretin gastric inhibitory polypeptide (GIP), also known as glucose-dependent insulinotropic peptide, as well as glucagon and serotonin, are unexpected potent secretagogues in the skate. This is the first report of GIP functioning as a chloride secretagogue.
MATERIALS AND METHODS
In vitro perfusion of skate rectal glands. Little skates (Leucoraja erinacea) of both sexes were caught at the Huntsman Marine Science Centre (New Brunswick, Canada) and the Marine Biology Laboratory (Woods Hole, MA) and transported in marine livecars to Salisbury Cove, ME where they were kept in holding tanks for up to 2 wk and fed squid every other day. Rectal glands were obtained from skates after being euthanized by pithing (MDIBL IACUC approved protocol no. 10-03). Glands were immediately cannulated with PE-30 tubing in the artery and PE-50 tubing in the duct. These cannulas were fixed to a small perfusion apparatus with clay (Fig. 2) . The single artery of the gland was perfused at 0.8 -1.0 ml/min. The vein was severed to allow the unobstructed outflow of venous fluid. Glands were kept at a constant temperature (14 -16°C) by applying chilled Elasmobranch Ringer solution to the external surface of gland every 3-4 min. The Ringer solution contained (in mM) 270 NaCl, 4 KCl, 2.5 CaCl 2, 3 MgCl2, 1 KH2PO4, 0.5 Na2SO4, 8 NaHCO3, 350 urea, and 5 mM glucose. The pH was 7.5-7.6 when gassed with 99% O2-1% CO2. After arterial cannulation, it was necessary to briefly stimulate secretion with forskolin (1 M for 10 min) to determine whether the cannulation of artery and duct were successful. When successful cannulation was established, glands were perfused for an additional 30 min with Ringer solution only, to return to basal unstimulated levels of secretion. Measurements of duct volume were made every minute in calibrated glass micropipettes after the 30-min basal period. Measurements of chloride concentration of duct fluid were made on 10-min pooled collections using a Labconco coulometric digital titration chloridometer. Results are expressed as mean microequivalents of chloride secretion per hour per gram wet weight (eq·h Ϫ1 ·g Ϫ1 ) Ϯ SE. Chloride secretion was calculated as follows: duct volume per minute ϫ Cl concentration in the ductal fluid ϫ 60/weight of the gland. Statistical significance was determined by Student's t-test.
Inhibitors known to block chloride secretion by inhibiting transport proteins in the shark rectal gland were perfused in the artery during stimulation with forskolin (1 M) and 3-isobutyl-1-methylxanthine (IBMX) (100 M) or theophylline (1 mM) and cAMP (1 mM). These inhibitors included 200 M bumetanide, 100 M ouabain, 5 mM barium chloride, 50 M bupivicaine, 200 M quinidine, and high potassium concentrations (25 and 50 mM).
In separate experiments, secretagogues were added to the arterial perfusate after 30 min of basal Ringer perfusion. The secretagogues examined included VIP, GHRH, CNP, adenosine, 2-chloroadenosine (2ClAdo), glucagon, serotonin, and GIP. Bovine serum albumin (0.1 mg/ml) was added to the Ringer solutions during perfusions with peptides. All secretagogues used were mammalian peptides purchased from Sigma (Sigma-Aldrich, St. Louis, MO). All chemicals were purchased from Sigma (Sigma-Aldrich), as in previous studies (2, 22, 23, 38) . The concentrations of secretagogues and inhibitors perfused in the skate rectal gland were identical to the maximum concentrations used previously in perfusions of the shark rectal gland (1, 2, 10, 17, 24). When secretagogues not previously used (GIP, glucagon, serotonin) were perfused, the concentration was at least fourfold above the EC 50 for that hormone in the literature.
Measurement of tissue content of cAMP by EIA assay. Control basal glands were perfused with Ringer solution only, without secretagogues, for 45 min and then snap frozen in liquid nitrogen with Wallenberger aluminum clamps as described previously (22, 23) . Glands perfused with secretagogues were first perfused with Ringer solution only for 30 min, and then the secretagogue was added from 30 to 45 min at which time the gland was snap frozen in liquid nitrogen and stored at Ϫ80°C.
To extract cAMP from skate rectal gland tissue, a portion of the gland (ϳ80 mg) was homogenized in a 6% trichloroacetic acid (TCA) solution (Sigma-Aldrich). The protein pellet was separated from the solution by centrifugation at 2,500 g and saved for protein assay. The TCA solution was then extracted with 1,2,2-trichlorofluoroethane (Sigma), and the aqueous layer was saved for the cAMP assay. A cAMP EIA assay kit (BT-730) from Biomedical Technologies (Stoughton, MA) using a nonacetylated protocol was followed with an incubation period of 20 to 22 h. The protein pellet was dissolved in 0.5 N sodium hydroxide overnight in a 37°C water bath and diluted 10-fold, and the protein concentration was determined in triplicate using a Bio-Rad Lowry-type protein assay (Bio-Rad, Hercules, CA).
Primary cutlures of skate rectal gland tubular epithelial cell monolayers and measurements of I SC. Primary cultures of skate rectal gland tubular epithelial cell monolayers were prepared using a modified protocol developed for shark rectal gland primary cultures (37) . Skates were euthanized by pithing, and the exterior ventral surface was rinsed with water and 70% ethanol. The rectal gland was removed through an abdominal incision and placed in sterile ice-cold skate Ringer solution containing (in mM) 288 Na ϩ , 290 Cl Ϫ , 6 K ϩ , 5 Ca 2ϩ , Fig. 2 . In vitro perfusion of the skate rectal gland, with cannulas in the artery (PE-30) and duct (PE-50). Cannulas were fixed to a small perfusion apparatus with clay. 3 Mg 2ϩ , 20 HCO 3 Ϫ , 350 urea, 5 glucose, and 1.2 g/ml phenol red, gassed with 95% O2-5% CO2 to a pH of 7.4 -7.6. Rectal gland tissue was thoroughly minced using scalpels followed by digestion for 20 min at room temperature in a 2 mg/ml collagenase A (Roche Applied Science, Indianapolis, IN) and elasmobranch Ringer solution to obtain a suspension of single tubules. Isolated tubules were washed with ice-cold skate Ringer to remove collagenase. Tubules were then suspended in culture medium at a density of ϳ30 mg/ml and plated on CoStar Transwell filter supports with a membrane area of 0.33 cm 2 (Cole-Parmer, Vernon Hills, IL). The plates were incubated at 20°C with 80% humidity and 5% CO2 until a continuous monolayer of cells formed over the filter (usually 10 -14 days). The culture medium was Dulbecco's Modified Eagle's Medium/Ham's Nutrient Mixture F-12 (DME/F12) Formulation (Sigma-Aldrich) modified to resemble skate plasma by the addition of (in mM) 94 NaCl, 300 urea, 150 trimethylamine oxide, 3.9 CaCl2, 2.5 MgCl2, and 21 NaHCO3. The medium was supplemented with 5% Nu-Serum, ITS ϩ (Collaborative Research, Bedford, MA), L-glutamine (4 mM), penicillin (100 U/ml), and streptomycin (100 g/ml). All other reagents and drugs were from Sigma (Sigma-Aldrich).
Isc measurements of the skate rectal gland epithelial cell monolayers in primary culture were made after the filters were mounted into modified Ussing chambers using skate Ringer solution as the bathing solution. The chambers were gassed with 95% O2-5% CO2 and kept at 18°C to maintain the pH of 7.4 -7.6. The voltage clamp and the recording system to acquire data were designed and constructed by W. Van Driessche (Katholieke Universiteit, Leuven, Belgium) and have been previously described (7, 12, 40) . Membranes that reached a baseline Isc between 0 and 20 A/cm 2 and showed a steady conductance below 20 mS were used for experiments. Once the Isc reached baseline values, GIP (50 nM) was added to the basolateral Ringer solution. At the end of the experiment forskolin 10 M) was added to the basolateral solution to test the viability of the membranes.
RESULTS
In vitro perfusion studies in the skate rectal gland: basal secretion and response to forskolin, cAMP agonists, and inhibitors of Na-K-ATPase, Na-K-2Cl cotransporters, and K channels. Figure 1 illustrates the small size of the skate rectal gland (mean weight 0.139 g) compared with the shark rectal gland (mean weight 1.62 g), and Fig. 2 shows the technique developed for skate rectal gland gland perfusion. More than 175 skate gland perfusions were attempted with a success rate of ϳ55-60%, resulting in more than 100 successful perfusions. The chloride concentration in the secreted fluid was 474.1 Ϯ 5.4 meq/l compared with 285 Ϯ 1.2 meq/l in the perfusate Ringer.
When perfused with 1 M forskolin ϩ 100 M IBMX, mean chloride secretion was stimulated from basal levels of 319 Ϯ 68 to 3,121 Ϯ 258 eq·h Ϫ1 ·g Ϫ1 , (P Ͻ 0.001, n ϭ 31). Figure 3 illustrates a representative experiment demonstrating stimulation with forskolin ϩ IBMX and inhibition with bumetanide (200 M). When stimulated with theophylline (1 mM) and cAMP (1 mM), chloride secretion rose from basal rates of 312 Ϯ 138 to 3,846 Ϯ 560 eq·h Ϫ1 ·g Ϫ1 (P Ͻ 0.001 compared with basal, n ϭ 7). In these experiments bumetanide (100 M) reduced chloride secretion to 834 Ϯ 208 eq·h Ϫ1 ·g Ϫ1 (P Ͻ 0.001 compared with theophylline and cAMP).
Perfusion with other substances known to inhibit secretion in the perfused shark rectal gland also inhibited forskolin ϩIBMX-stimulated secretion in the perfused skate gland by more than 60 -90%. These included ouabain (100 M, n ϭ 4), an inhibitor of the Na-K-ATPase pump (10), BaCl 2 (5 mM, n ϭ 3), a nonspecific potassium channel inhibitor (37) , and bupivicaine (50 M, n ϭ 5) and quinidine (200 M, n ϭ 3), both inhibitors of the TWIK-like acid-sensitive K ϩ channel (TASK) family of potassium channels (8) . As in the shark rectal gland, depolarization of the skate rectal gland tubular cell by increasing the potassium ion concentration in the Ringer solution in steps from 5 to 25 and 50 mM also dramatically inhibited (by Ͼ90%) chloride secretion stimulated with forskolin and IBMX, consistent with secondary active chloride secretion.
In vitro perfusion studies in the skate rectal gland: response to secretagogues that activate NaCl secretion in the shark gland. In the skate, we observed a modest response to VIP, a potent agonist in the shark rectal gland where 10 nM VIP maximally stimulates chloride secretion to 2,438 Ϯ 240 eq·h Ϫ1 ·g Ϫ1 ) (2). In the skate, 10 nM VIP had no effect on secretion (n ϭ 4). Higher concentrations of VIP (20 nM to 3 M) stimulated secretion only modestly, from basal values of 216 Ϯ 103 to 612 Ϯ 164 eq·h Ϫ1 ·g Ϫ1 (n ϭ 15, P Ͻ 0.05). Three agonists that are potent chloride secretagogues in the shark [GHRH (20 M, n ϭ 4) adenosine (100 M, n ϭ 3), and 2 chloroadenosine (100 M, n ϭ 3)] each produced no change in chloride secretion when perfused in the skate rectal gland. In perfusions where no stimulation by the secretagogue in question occurred, glands were then stimulated with forskolin (1 M) and IBMX (100 M) to test the viability of the gland and in all perfusions chloride secretion increased significantly (results not shown). C-type natriuretic peptide (20 nM), a potent secretagogue in the shark, also increased chloride secretion in the skate rectal gland (128 Ϯ 38 to 1,314 Ϯ 380 eq·h Ϫ1 ·g Ϫ1 ; n ϭ 5, P Ͻ 0.01). Carbachol and gastrin did not stimulate chloride secretion in the skate gland; both are inactive in the shark rectal gland.
In vitro perfusion studies in the skate rectal gland: response to novel secretagogues. An unexpected finding was that three gastrointestinal hormones, the incretin GIP as well as glucagon and serotonin that do not stimulate secretion in the shark rectal gland, markedly stimulated chloride secretion in the skate organ. Glucagon (50 nM) stimulated chloride secretion in the perfused skate gland to a mean of 1,661 Ϯ 587 eq·h Ϫ1 ·g Ϫ1 , n ϭ 7, P Ͻ 0.005 compared with basal (Fig. 4) . Serotonin (50 nM) stimulated chloride secretion in the skate to an average of 2,893 Ϯ 699 eq·h Ϫ1 ·g Ϫ1 , n ϭ 7, P Ͻ 0.001 compared with basal secretion (Fig. 5) . The most potent and unexpected secretagogue in the skate was GIP. GIP (50 nM) stimulated secretion to a mean value of 3,733 Ϯ 679 eq·h Ϫ1 ·g Ϫ1 , n ϭ 11, P Ͻ 0.001 compared with basal secretion (Fig. 6) .
In vitro perfusion in the shark rectal gland: response to skate secretagogues. Given these results, we reexamined the response to GIP, glucagon, and serotonin in the perfused shark rectal gland. In eight perfusions, GIP (50 nM) did not increase chloride seretion above basal values (Fig. 7) . Forskolin ϩ IBMX added after GIP in these experiments did elicit significant secretion. Similarly, perfusion with glucagon or serotonin did not increase secretion above basal values (211 Ϯ 79 eq·h Ϫ1 ·g Ϫ1 , n ϭ 3 for glucagon, 198 Ϯ 18 eq·h Ϫ1 ·g
Ϫ1
, n ϭ 3 for serotonin).
Tissue cAMP content in perfused skate rectal glands. Basal tissue cAMP content of the skate rectal gland after 45 min of perfusion with Ringer solution was 18.1 Ϯ 1.7 pmol/mg protein (Fig. 8) . Perfusion with GIP (50 nM) increased tissue cAMP content to 26.1 Ϯ 1.0 pmol/mg protein, a significant increase from basal cAMP content (P Ͻ 0.02 compared with basal). Perfusion with glucagon (50 nM) also increased cAMP content in the skate rectal gland tissue from basal levels to 24.5 Ϯ 0.69 pmol/mg protein (P Ͻ 0.04 compared with basal). Perfusion with forskolin (1 M) and IBMX (100 mM) increased tissue cAMP content from basal values to 32.9 Ϯ 2.8 pmol/mg protein (P Ͻ 0.03) (In Fig. 8 , n ϭ 3-8 per group).
Measurements of I sc in skate rectal gland primary epithelial monolayer culture. To establish that the results with GIP in the skate gland were due to direct effects on tubular epithelial cells and were not mediated by effects on neural or vascular elements present in the perfused gland, but not in primary cultures of epithelial cells, we carried out I sc measurements in primary cultures of skate rectal gland tubular epithelial cells grown on CoStar Transwell filter supports. A representative experiment demonstrating stimulation of I sc with GIP (50 nM) and forskolin is shown in Fig. 9 . The increase in I sc observed after forskolin could be due to the capacity of forskolin to increase further cellular cAMP content. Rectal glands were perfused for 30 min to basal values and then chloride secretion was measured at 1-min intervals when GIP was added from 30 to 50 min. At minute 50 GIP was removed from the perfusate and 1 M forskolin and 100 M IBMX were added and perfused for an additional 15 min.
DISCUSSION
The present studies demonstrate that: 1) despite its minute size, the skate rectal gland can be perfused in vitro; 2) agonists that activate the cAMP-protein kinase A pathway, including forskolin, IBMX, cAMP, and theophylline, produce dramatic increases in chloride secretion in this tissue; 3) agents that inhibit the Na-K-ATPase pump, the Na-K-2Cl cotransporter, and basolateral K ϩ channels markedly inhibit chloride secretion, similar to the shark rectal gland, and indicate a similar mechanism of secondary active chloride transport; 4) primary culture monolayers of the skate rectal gland tubules that transport chloride can be prepared and examined by I sc measurements; and 5) unexpectedly, the incretin GIP and the peptides glucagon and serotonin are unique potent chloride secretagogues in the skate rectal gland.
The activation of chloride secretion by secretagogues and the inhibitory responses to ouabain (an inhibitor of the Na-K ATPase pump), to bumetanide (an inhibitor of the Na-K-2Cl cotransporter), and to barium (a nonselective K ϩ channel inhibitor), and to bupivicaine and quinidine (both TASK K ϩ channel inhibitors) provide strong evidence for the presence of these membrane proteins in the skate rectal gland tubule. Overall, the results are consistent with the model of NaCl secretion proposed for the shark rectal gland (14, 30) . However, the secretagogues responsible for chloride secretion are different in the two species. In the shark, VIP is the most potent chloride secretagogue, with a maximal effect at 10 nM (2). This concentration of VIP had no effect in the perfused skate gland and much higher concentrations (up to 3 M) had only modest effects. Our experiments demonstrate that in the skate rectal gland, three mammalian hormone (GIP, serotonin, and glucagon) are major secretagogues, resulting in mean chloride secretion rates of 3,733, 2,893, and 1,661 eq· h Ϫ1 ·g Ϫ1 , respectively. GIP and glucagon stimulated secretion more rapidly compared with seratonin; the effect of glucagon appears to wane while the effect of GIP increases during administration. The reason for these differences are unknown. Although these peptides have not been isolated from skate tissues, we speculate that these hormones are present in the skate gastrointestinal tract. In the perfused skate rectal gland it was conceivable that GIP, serotonin, and glucagon stimulated the release of another hormone via nerves in the tissue. For this reason, primary cultures of skate rectal gland epithelial cells that are devoid of neural and vasculature elements were used. The secretagogues stimulated chloride transport as measured by I sc in Ussing chamber experiments.
GIP belongs to the glucagon, secretin, and VIP superfamily of peptides that have remarkable sequence homology in the NH 2 -terminal region and exert multiple physiological effects, often in a paracrine manner. GIP, first isolated in 1971 from intestinal mucosa, is a 42-amino acid hormone produced in mammals by enteroendocrine cells in the gastrointestinal tract 
Inhibitors: ϩϩϩ Ͼ80% inhibition to forskolin ϩ IBMX. Secretagogues: Ϫ No stimulation; ϩ10 -25% stimulation (compared with forskolin); ϩϩ 25-80% stimulation (compared with forskolin); ϩϩϩ Ͼ80% stimulation (compared with forskolin; VIP, vasoactive intestinal peptide; CNP, C-type natriuretic peptide; IBMX, 3-isobutyl-1-methylxanthine. Fig. 8 . Tissue cAMP content in the skate rectal gland after perfusion with GIP (50 nM), glucagon (50 nM), and forskolin (1 M) ϩ IBMX (100 M). Glands were perfused for 30 min to basal values before secretagogues were added to the perfusate solutions. Basal controls were perfused for 45 min with Ringer only. Secretagogues were perfused from 30 to 45 min after which the glands were snap frozen in liquid nitrogen. *P Ͻ 0.05, **P Ͻ 0.02, n ϭ 3-8 per group. Fig. 9 . Representative short-circuit current (Isc, in A/cm 2 ) measurement showing the effect of basolateral 50 nM GIP on cultured monolayers of the skate rectal gland. GIP was present until stimulation plateaued and was followed by the addition of basolateral 10 M forskolin. The tracing is representative of three experiments. and released into the circulation (3). GIP was later identified as an incretin that increases nutrient dispersal via the release of insulin from ␤ cells in the pancreas (26, 27) . The receptor for GIP (GIPR) is a seven transmembrane G protein-coupled receptor that was cloned in 1993 and shares only 44% sequence homology with the glucagon receptor (36) . There is a high degree of homology (Ͼ80%) among rat, hamster, and human GIPR (19) . The GIP receptor exhibits high specificity for GIP with no response to other members of the glucagon-related family of hormones (19, 36) . GIP has been identified in one fish species (zebrafish Danio rerio) by Irwin and Zhang (21) . The first 29 amino acids show 52% identity to human GIP, with an overall identity or similarity of the predicted peptide of 70.9% compared with human GIP (21) .
Our data constitute the first report of the incretin GIP as a chloride secretagogue in any epithelial tissue. We predict that the skate rectal gland has separate receptors for GIP and glucagon since previous studies of these receptors show no overlap in binding affinity (4, 36) .
Perspectives and Significance
The present study provides the first demonstration that the skate rectal gland can be studied by classical in vitro perfusion and that the basic transport proteins of the gland are similar to that of the shark gland. This work also indicates that the hormones responsible for secretion differ in these species (Table 1) . VIP is the most potent chloride secretagogue in the shark with a maximal effect at 10 nM (2). This concentration of VIP had no effect in the perfused skate gland. In contrast, three mammalian hormones GIP, serotonin, and glucagon that have no effect in the shark are major secretagogues in the skate, and we speculate that each is present in skate gastrointestinal tissue. We speculate that this ancient elasmobranch may have evolved the peptide GIP as a chloride secretagogue to couple excretion of ingested hypertonic seawater with absorption and assimilation following nutrient ingestion. The evolutionary reasons for this apparent difference in secretagogues are not known but could be related to differences in diet and foraging ecology of these diverse elasmobranch species.
